The term executive function has been used to describe several higher-order cognitive processes. This study examined the processing speed, shifting, planning, and verbal fluency of a sample of 50 Portuguese children with developmental dyslexia (DD) and 50 typically developing children (TDC; chronological-age-matched controls) between 8 and 12 years of age to evaluate the children's executive functioning. Compared to TDC, children with DD revealed significant processing speed, shifting, and verbal fluency deficits. After controlling for differences in the general intellectual ability, significant group differences remained for shifting, verbal fluency and marginally for processing speed. No significant differences in planning ability were observed between the groups. No significant interaction of group, gender, and age was found for any of the executive functions measures studied. Word productivity in both semantic and phonemic verbal fluency tasks decreased significantly over the 60 seconds for both groups. Shifting was the only significant predictor of DD in the binary logistic regression analysis and yielded the highest area under the curve value (receiver operating characteristics curve analysis). Therefore, although these findings highlight the presence of specific executive functions deficits in children with DD, they should not be interpreted as indicative of the presence or absence of this learning disorder.
Introduction
Developmental dyslexia (DD) is a specific learning disability that is neurobiological in origin and characterized by difficulty with accurate and/or fluent word recognition and by poor spelling and decoding abilities. These traits typically result from a phonological deficit (Lyon, The Wisconsin Card Sorting Test (WCST) and the Trail Making Test (TMT) -Part B are often used to measure shifting ability. Willcutt and colleagues (2005) found that children with DD scored significantly lower than controls on TMT-B and WCST perseverative errors scores. These main effects did not remain significant after controlling for FSIQ, suggesting that shifting difficulties associated with DD may be explained by group differences in general intelligence. Other studies that used the WCST revealed that individuals with DD committed more perseverative errors (Marzocchi et al., 2008) and more non-perseverative errors (Helland & Asbjørnsen, 2000) and completed fewer categories (Helland & Asbjørnsen, 2000; Menghini et al., 2010) than typically developing individuals. Narhi and colleagues (1997) found that children with DD performed worse on the TMT-B but not on the TMT-A than TDC. They hypothesized that the poorer performance of children with DD on the TMT-B might reflect the difficulty those with DD have in following the alphabetical series. In the studies of both Reiter et al. (2005) and van der Sluis et al. (2004) , the results of TMT-B showed non-significant differences between children with DD and chronological-age controls.
Planning
Planning ability is one of the major aspects of executive functioning and has been described as the ability to identify and organize the steps and elements that are required to achieve a goal (Lezak, Howieson, & Loring, 2004) . In clinical neuropsychology, planning ability is assessed most often using the Tower of London (ToL) and the Tower of Hanoi (ToH) tests or one of their variants.
Studies testing the planning ability of children with DD have yielded inconsistent findings. Condor, Anderson, and Saling (1995) found that young TDC require significantly fewer trials to reach a successful solution to five-problem variations of the ToH than children with DD, but no significant differences were observed among older children. DD and typical readers did not obtain significantly different scores for number of errors, initial thinking time, or subsequent thinking time in Brosnan et al.'s (2002) study. Reiter et al. (2005) used the ToL to measure differences in planning abilities between children with DD and TDC. They found that the groups did not differ in the number of problems solved but that the planning time was significantly longer in the DD group. Marzocchi et al. (2008) , who also used the ToL, did not find significant group differences in total score, planning time, or execution time.
Verbal Fluency
VF tests require participants to retrieve words based on semantic (subjects should produce as many different words as possible within a particular semantic category, e.g., animals, food, names) and phonemic (subjects should produce as many different words as possible that begin with a particular letter, e.g., the letters F, A, or S) criteria within a time constraint (Lezak et al., 2004) . VF tests have been used to measure specific aspects of EF, memory, and language.
Several neuroimaging studies have suggested that although both semantic and phonemic fluency tasks are associated with frontal and temporal lobe processes, phonemic tasks are more dependent on the frontal lobe and semantic tasks on the temporal lobe (Baldo, Schwartz, Wilkins, & Dronkers, 2006; Birn et al., 2010) .
Empirical research has shown that children with DD generate significantly fewer words than TDC in phonemic VF tasks; for semantic VF tasks, however, inconsistent findings have been reported (Landerl, Fussenegger, Moll, & Willburger, 2009; Marzocchi et al., 2008; Reiter et al., 2005) . Cohen and colleagues (1999) found that phonemic VF tasks were clinically useful in differentiating two subgroups of children with DD (dysphonetic and dyseidetic) and that the performance of dysphonetic children was significantly lower than that of children with ADHD. Furthermore, semantic VF tasks have been shown to be easier than phonemic VF tasks for TDC (Filippetti & Allegri, 2011; Martins, Vieira, Loureiro, & Santos, 2007; Moura, Simões, & Pereira, 2013; Riva, Nichelli, & Devoti, 2000) and for children with DD (Reiter et al., 2005; Varvara et al., 2014) . Researchers have hypothesized that semantic tasks are easier because phonemic tasks depend more on the maturation of the frontal lobe; to retrieve words beginning with a letter, an individual must explore more category subsets than is required to retrieve words within a semantic category (Riva et al., 2000) .
Troyer (2000) and Hurks et al. (2004; 2006) argued that the total number of words an individual can generate in 60 seconds does not provide sufficient information about the specific cognitive mechanisms that underlie poor performance on VF tasks. They suggested other scoring methods that measured (i) word productivity as a function of time and/or (ii) systematic organization of information, such as clustering (i.e., the production of two or more words within the same semantic or phonemic subcategory) and switching (i.e., the ability to shift between subcategories). The few studies that have analyzed word productivity as a function of time in children found that word production decreased significantly over time (Filippetti & Allegri, 2011; Hurks, 2012; Hurks et al., 2006; Moura et al., 2013; Takács, Kóbor, Tárnok, & Csépe, 2014) . No studies have analyzed children with DD. Using the second alternative scoring method, Troyer et al. (2000; Troyer, Moskovitch, & Winocur, 1997 ) and other authors (Hurks, 2012; Unsworth, Spillers, & Brewer, 2010) 
Method

Participants
The participants included 100 Portuguese children between the ages of 8 and 12 (M = 9.81; SD = 1.34) in grades 3 through 6. In the DD group (N = 50), 74% were male and 26% were female, with a mean age of 9.80 years (SD = 1.38). Among the children with DD, 26% had undergone school retention, 36% were included in special education system, and 30% had relatives with reading difficulties. In the TDC group (N = 50), 64% were male and 36% were female, with a mean age of 9.82 years (SD = 1.32). Only 2% had experienced school retention, and 4% had relatives with reading difficulties. The children in the DD and TDC groups were matched for age c 2 (4) = 0.487, p = .975, yielding non-significant differences in gender cCriteria for inclusion. For both groups, only children who met the following criteria were included in the study: (i) WISC-III FSIQ ³ 90; (ii) native speakers of European Portuguese;
(iii) at least two years of school attendance; (iv) absence of a visual, hearing, or motor handicap; (v) never diagnosed with a language impairment, emotional disturbance, dyscalculia, disruptive behavior disorder (ADHD, oppositional defiant disorder, and conduct disorder), neurological impairment, or other psychiatric disorder. Children with special educational needs were excluded from the TDC group.
All subjects attended regular classes in public and private Portuguese schools.
Children with DD were recruited for participation through contact with school psychologists and special education teachers, and referrals from the medical, psychological and other educational/clinical professions (e.g., teachers and speech therapists). The TDC group was recruited through contact with teachers, parents and other participants using a snowball sampling strategy. In the DD group, only children who had previously been diagnosed with DD by a psychologist, child psychiatrist, developmental pediatrician, or child neurologist and had received a score lower than or equal to the 15 th percentile on a reading fluency and accuracy measure ("O Rei"; Carvalho & Pereira, 2009) administered during the testing session were included. These cut-off criteria (WISC-III FSIQ ³ 90 and reading fluency and accuracy measures £ 15 th percentile) are similar (and in some cases stricter than) the inclusion criteria used by other studies (e.g., Bental & Tirosh, 2007; Frijters et al., 2011; Gooch, Snowling, & Hulme, 2011; Reiter et al., 2005; Swanson, 2011) . For the TDC group, only children with a score greater than the 40th percentile on both reading measures were included.
Measures and Procedures
Intellectual ability. The Portuguese version of the WISC-III (Wechsler, 2003) was administered to measure general intellectual ability. The General Ability Index (GAI) scores were analyzed and used as a covariate in the inferential analysis. The WISC-III GAI is a composite score, which is derived from the four Verbal Comprehension Index subtests and the four Perceptual Organization Index subtests (Prifitera, Weiss, & Saklofske, 1998) . We used GAI (rather than FSIQ) because it excludes subtests that are related to EF (i.e., PS and working memory). As suggested by Saklofske, Prifitera, Weiss, Rolfhus, and Zhu (2005), in some special educational cases (e.g., children with learning disability and ADHD), the GAI may be a slightly higher estimate of overall intellectual ability than the FSIQ. Planning. The Tower test from the BANC (Simões et al., in press) was used to assess planning and problem solving abilities (similar to the ToL). The test comprises 14 models that the child is asked to reproduce by creating a tower using three balls of different colors (red, blue, and green) and three pegs (large, medium, and small). The child must move the three colored balls to specific positions on the three pegs in a specific number of moves (starting with one move and gradually increasing to five moves). The child has four trials in which to correctly solve each of the 14 models. Three raw scores were analyzed: Correct First Trials (i.e., the total number of models correctly solved on the first trial; range = 0-14), Correct Models (i.e., the total number of models correctly solved; range = 0-14), and Total Trials (i.e., the total number of trials taken to solve the 14 models; range = 14-56).
Verbal Fluency. The Semantic and Phonemic Verbal Fluency test from the BANC (Simões et al., in press) comprises three semantic (Animals, Names, and Food) and three phonemic (letters P, M, and R) tasks. VF tests have been used extensively in neuropsychological assessments to measure executive functioning, executive aspects of language processing, and semantic memory. For each of the semantic and phonemic tasks, the child was asked to generate as many words as possible within a time constraint of 60 seconds. The raw score was the total number of correct words (different forms of the same word were excluded) generated The administration of these tasks was part of a broad neuropsychological protocol that also included measures of intelligence, memory, attention, language, reading, and spelling.
The children were tested in two sessions separated by a 10-to 15-day interval. The sessions were approximately 90-minutes long and took place in a clinic or school setting during a regular day.
Statistical Analyses
The statistical analyses were performed using IBM SPSS Statistics 19. Group differences were analyzed using a multi-factorial multivariate analysis of variance (MANOVA) and covariance (MANCOVA). Group, gender, and age were included as fixed factors, and the executive functions measures were used as dependent variables. If the multivariate analysis (Pillai's trace) indicated a significant overall difference (p < .05), then a univariate test was applied to determine which dependent variables were responsible for the multivariate difference. In specific cases, univariate analysis of covariance (ANCOVA), repeated measures ANOVAs and independent-and paired-samples t-tests were also used. Cohen's d or partial eta-squared (h 2 p) was also calculated to determine the effect size of the differences between groups.
A receiver operating characteristics (ROC) curve and binary logistic regression analysis were also performed to examine the accuracy with which EF tasks were able to discriminate between children in the DD and TDC groups. A ROC curve analysis systematically sweeps across all possible true positive (sensitivity) and false positive (1-specificity) values of a diagnostic test and calculates the area under the curve (AUC), which provides an accuracy index of the test (Fawcett, 2006 ). An AUC of .5 to .7 indicates low test accuracy, .7 to .9 moderate accuracy, and .9 to 1.0 high accuracy (Swets, 1988) . For the binary logistic regression analysis, the fit of the model (Hosmer-Lemeshow test, Cox and Snell R 2 , and Nagelkerke R 2 ) and the statistical tests of individual predictors were analyzed (regression coefficient, Wald's c 2 , and odds ratio).
Results
Processing Speed
A 2 X 2 X 5 (group X gender X age) MANOVA was performed and a significant main effect was observed for group, F(3, 78) = 4.073, p = .010, h Children with DD scored significantly lower than TDC (see Table 1 ).
No significant group X gender, F(3, 78) = 0.330, p = .804, h 2 p = .013, group X age, F(12, 240) = 0.824, p = .625, h 2 p = .040, or group X gender X age interactions, F(9, 240) = 0.604, p = .793, h 2 p = .022, were found.
( Table 1 about Children with DD took more time than TDC to complete the Trail-B (see Table 1 Table 1 ).
Verbal Fluency
The performance scores of TDC and children with DD on Semantic and Phonemic VF tests are shown in , the higher number of words produced within the time limit were observed on the Semantic VF (see Table 1 ).
To analyze the performance of both groups over four time intervals (0-15 seconds; 16-30 seconds; 31-45 seconds; and 46-60 seconds) on the Semantic VF and Phonemic VF tests, we performed four repeated measures ANOVAs. As shown in Table 2 , the number of words produced in each of the four time intervals differed significantly, with word production decreasing over time in both VF measures. The Bonferroni adjustment for multiple comparisons revealed the presence of significant differences among all the time intervals in the Semantic VF task and almost all the time intervals in the Phonemic VF task for both groups. As expected, children tended to produce more words in the first 15 seconds than in the remaining three time intervals. Additional independent-samples t-tests revealed statistically significant differences between the TDC and DD groups in the first two time intervals of both VF tasks, 0-15 seconds: tSVF (98) ( Table 2 about here)
Group Differences on Executive Functions after controlling for WISC-III GAI
The WISC-III GAI scores differed significantly, t(98) = 3.569, p < .001, d = 0.71, between the TDC and the children with DD (sum of the eight age-scaled scores that enter the Verbal Comprehension Index and the Perceptual Organization Index; TDC group: M = 88.76 ± 13.02, and DD group: M = 80.31 ± 10.36). Therefore, we additionally examined whether GAI scores could explain the group differences on EF tasks. A series of 2 X 2 X 5 (group X gender X age) MANCOVAs and ANCOVAs, covarying WISC-III GAI, were conducted on all EF tasks. After controlling for differences in general intellectual ability, the main effect of group remained significant for shifting, F(1, 79) = 7.616, p = .007, h 2 p = .089, for VF, F(2, 78) = 3.901, p = .024, h 2 p = .091 (univariate analysis: Semantic VF, p = .022; Phonemic VF, p = .022), and marginally significant for PS, F(3, 77) = 2.727, p = .050, h 2 p = .096 (univariate analysis: Coding, p = .113; Symbol Search, p = .020; Trail-A, p = .063). In contrast, none of the interactions or the main effect of group for planning were significant.
ROC Curve and Binary Logistic Regression Analysis
Although the findings presented above report the presence of significant differences in EF between TDC and children with DD (except in the Tower results), it is not certain that these tasks can successfully discriminate between subjects. Therefore, a ROC curve analysis and a binary logistic regression analysis were also performed to determine which EF independently contributed to distinguishing between children with DD and TDC. As shown in Table 3 , only the Trail-B test showed moderate accuracy (ROC curve analysis), with an AUC of .730 (i.e., a randomly selected child with DD will take more time to complete the Trail-B than a randomly selected child from the TDC group approximately 73% of the time), while the remaining tasks showed low accuracy.
The goodness-of-fit test of the binary logistic regression analysis yielded a HosmerLemeshow c 2 (8) = 5.495, p = .704, suggesting that the model fit the data well. A Cox and Snell R 2 = .241 and a Nagelkerke R 2 = .322 were also found. This binary logistic regression model of the four EF tasks correctly classified 71.7% of the participants according to their DD diagnosis: 69.4% true-positive (sensitivity), 74% true-negative (specificity), 26% falsepositive, and 30.6% false-negative. As shown in Table 3 , only the Trail-B score was a significant predictor, with an odds ratio of 1.015 (= e 0.015 ). This result indicates that each onesecond increase of the Trail-B score increased a child's odds of being in the DD group by 1.5%. For example, an increase of 10 seconds on the Trail-B test increases the odds from 1 to 1.161 (= e 10*0.015 ).
( Table 3 about here)
Discussion
EF encompasses a set of inter-related processes necessary for goal-directed behavior. These processes develop throughout childhood and adolescence, are largely mediated by the prefrontal and the temporal cortex of the brain, and regulate other cognitive processes.
Unsurprisingly, some aspects of EF have been associated with academic achievement (Clair- Thompson & Gathercole, 2006; Thorell, Veleiro, Siu, & Mohammadi, 2012) and reading ability (Foy & Mann, 2013; Sesma et al., 2009 ) and may therefore play an important role in DD (Altemeier et al., 2008; Booth, Boyle, & Kelly, 2010) .
The first main objective of the present study was to analyze the performance of Portuguese TDC and children with DD on EF tasks. As expected, based on previous studies from other orthographies, our findings showed the presence of specific EF deficits in children with DD; the results revealed significant differences on PS, shifting, and VF tasks. Larger effect sizes were observed in analyses of the Trail-B, Semantic and Phonemic VF results,
suggesting that children with DD may exhibit more deficits on EF tasks that place greater demands on switching abilities and verbal skills. The finding that DD is associated with slower PS and shifting replicates other studies that used the same measures (Narhi et al., 1997; Willcutt et al., 2005) and with those that used different measures (Boets et al., 2010; Shanahan et al., 2006) that incorporated a verbal component of PS (rapid automatized naming) and shifting (rapid alternating stimulus). Non-significant differences were found for all ToL scores, indicating that planning and problem-solving abilities are not compromised in children with DD. This finding is consistent with previous studies examining children with DD (Brosnan et al., 2002; Marzocchi et al., 2008; Reiter et al., 2005) or reading difficulties (Sikora, Haley, Edwards, & Butler, 2002) . This non-significant group difference in planning ability may also be related to the presence of a ceiling effect in two of the three ToL scores (Correct Models score and Total Trials score). No interaction of group and gender and/or age was found for any of the EF tasks.
Because the mean WISC-III GAI scores of TDC and DD were significantly different, we additionally examined whether general intellectual ability could explain group differences on EF tasks. The main effect of group remained significant for shifting, VF and marginally significant for PS. The significant main effect on two of the three PS tasks was eliminated after controlling for WISC-III GAI, suggesting that Coding and Trail-A difficulties associated with DD are explained by group differences in general intellectual ability. Whereas some researchers suggest that general intellectual ability should be statistically controlled in cognitive studies of neurodevelopmental disorders, other researchers propose that this approach is misguided and unjustified (for a review, see Dennis et al., 2009; Willcutt et al., 2013) .
A more detailed analysis was performed on the results of the two VF tasks. Despite the existence of statistically significant differences between groups (TDC > children with DD) on both the semantic and phonemic VF tasks (as observed in other studies: Landerl et al., 2009; Note. ss = age-scaled score (M = 10, SD = 3). All other scores are raw scores. Standard deviations in parentheses. Note. * Bonferroni adjustment for multiple comparisons (p < .05); TDC = typically developing children; DD = children with developmental dyslexia; VF = verbal fluency. Note: *p < .05, **p < .01, ***p < .001; ROC = receiver operating characteristics; AUC = area under the curve; CI = confidence interval; SE = standard error.
